. In a previous paper, we Howard Hughes Medical Institute, Dallas TX 75235, USA described the introduction of all possible amino acids at 5 To whom correspondence should be addressed position 133 and 209 through site-directed mutagenesis, and This paper provides further understanding of the thermocompared their resistance to thermal inactivation at high dynamic and structural features determining the stability temperatures. It was found that, at both positions, the stabilizing of Bacillus licheniformis α-amylase (BLA) at two crucial or destabilizing effect of the substitutions depends on the positions, His133 and Ala209. Results of protein modelling nature of the inserted amino acids, the most stabilizing having and saturated site-directed mutagenesis at position 133 and hydrophobic side-chains. Combining these results with protein 209 have been reported in a previous paper (Declerck et al.,
respectively) have been identified that can together increase
France the half-life of the enzyme at 90°C up to 10-fold (Declerck 4 Present address: University of Texas, Southernwestern Medical Center, et al., 1990; Joyet et al., 1992) . In a previous paper, we Howard Hughes Medical Institute, Dallas TX 75235, USA described the introduction of all possible amino acids at 5 To whom correspondence should be addressed position 133 and 209 through site-directed mutagenesis, and This paper provides further understanding of the thermocompared their resistance to thermal inactivation at high dynamic and structural features determining the stability temperatures. It was found that, at both positions, the stabilizing of Bacillus licheniformis α-amylase (BLA) at two crucial or destabilizing effect of the substitutions depends on the positions, His133 and Ala209. Results of protein modelling nature of the inserted amino acids, the most stabilizing having and saturated site-directed mutagenesis at position 133 and hydrophobic side-chains. Combining these results with protein 209 have been reported in a previous paper (Declerck et al., sequence analysis and molecular modelling, we proposed that 1995, Prot. Engng, 8, 1029-1037). In the first part of stabilizing interactions that contribute to the structural integrity the present work, evidence is presented supporting the of the active site region are reinforced in the hyperthermostable hypothesis that the stabilizing mutations reduce the rate mutants, through hydrophobic and/or conformational effects of initial unfolding of the enzyme during the reversible at position 133, and through a cavity-filling effect and hydrostep of the inactivation reaction and do not modify the phobic packing between two helices at position 209 (Declerck irreversible processes undergone subsequently by the et al., 1995) . unfolded molecules. In the second part, we have examined
In this paper, we describe the detailed characterization of the three-dimensional structure of BLA which has been the single mutants H133Y and A209V as well as the double determined recently by X-ray analysis (Machius et al., 1995, mutant H133Y/A209V. Kinetic and thermodynamic studies J. Mol. Biol., 246, 545-559). This analysis showed that our have been performed to elucidate which step in the inactivation previous predictions made from molecular modelling were reaction is affected by the mutations in order to understand partly correct. At position 209, the effect of the stabilizing why these mutants are more resistant against irreversible substitutions can be explained by a groove-filling effect thermal inactivation. The results of this work support our reinforcing the hydrophobic packing between two helices previous hypothesis that the native conformation of BLA is of the central domain, while preserving a well-ordered stabilized by the mutations, which is corroborated by a thorough water structure at the surface. At position 133, the stabilizexamination of the three-dimensional structure recently detering substitutions must compensate the loss of the hydrogen mined by Machius et al. (1995) . bond network in which the original histidine side-chain is involved; this compensation could be achieved through Materials and methods enhanced hydrophobic side-chain interactions within the Enzyme purification β-sheet where residue 133 is located, which correlates with the propensity of the residue to form and maintain a β-Wild-type and mutant BLAs were purified from B.subtilis culture supernatants graciously provided by Novo Nordisk. strand conformation of the main chain at this position. Keywords: Bacillus licheniformis α-amylase/thermal stability/ Supernatant (50-100 ml) was extensively dialyzed in buffer A [50 mM sodium acetate (NaAc), pH 5.0, 1 mM CaCl 2 ] then irreversible inactivation/fluorescence/X-ray structure passed through a 50 ml Sepharose-Q gel (Pharmacia) column and directly loaded on a 20 ml Sepharose-S gel (Pharmacia) Introduction column. The enzyme was eluted in buffer B (50 mM NaAc, pH 6.0, 1 mM CaCl 2 ) containing 100 mM NaCl, then dialyzed Thermostabilization of enzymes is one of the main priorities of protein engineering. However, in spite of increasing knowin buffer A and reloaded on a 2 ml Sepharose-S gel column.
The column was washed with buffer A containing 20 mM ledge and success acquired in laboratories, so far, no convincing general rules for enzyme stabilization have emerged, and NaCl and the protein was eluted in buffer B with a 0-150 mM NaCl gradient. The fractions were analysed by SDS gel elucidation of the molecular processes that occur in proteins when exposed to high temperatures remains a specific task electrophoresis and the apparently pure fractions were pooled then desalted by dialysis in buffer B. For further purification, (Ahern and Klibanov, 1985; Zale and Klibanov, 1986; Tomazic and Klibanov, 1988a,b; Tomizawa et al., 1994) . One way to the enzyme preparation was concentrated by centrifugation in Centricon 30 (Amicon) and loaded on a S200 column for size investigate protein folding and stability is through characterization of mutant proteins with altered thermostability (Matthews, exclusion chromatography. Wild-type and mutant amylases were eluted with an apparent molecular weight of about 44 000 1987 Mozhaev, 1993) . Bradford (1976) or by measuring the absorbance at 280 nm using a molar extinction coefficient Activity at high temperature of 0.77 mg ml -1 cm -1 (Declerck, unpublished) .
The kinetics of starch hydrolysis at 95°C was followed by adding 0.2 µg of purified enzyme to 1 ml of pre-warmed starch Amylase activity assay solution [0.5% (w/v) in 50 mM NaAc buffer pH 5.2, 0.1 mM Purified enzyme preparations were diluted in MOPS buffer CaCl 2 ) and, after various incubation times, removing 50 µl (50 mM, pH 7, 50 mM NaCl, 1 mM CaCl 2 ) and incubated in aliquots to determine the residual starch concentration by the presence of various substrates. Soluble starch was purchased the iodometric method. The temperature optimum for starch from Merck and hydrolysis was monitored by the iodometric hydrolysis was determined by adding 0.2 µg of purified enzyme method adapted from Somogyi (1938) . p-Nitrophenyl (G1)-to 1 ml of pre-warmed starch solution [0.5% (w/v) in 50 mM α,D-maltopentoside (G5-PNP) was purchased from Sigma and NaAc, pH 6, 1 mM CaCl 2 ) and measuring residual starch the release of p-nitrophenol was followed kinetically at 405 nm.
concentration after 10 min incubation at different temperatures. Amylase activity on 4,6-ethylidene (G7)-p-nitrophenyl (G1)-Fluorescence assay α,D-maltoheptaoside (Et-G7-PNP) was determined in a coupled assay using the reagent from Sigma diagnostic kit (procedure Purified wild-type or mutant BLAs (5 µg) were diluted in 2 ml 577) diluted in MOPS buffer and supplemented with AsperNaAc buffer (50 mM, pH 5.2, 0.1 mM CaCl 2 ) containing gillus niger amyloglucosidase (Boehringer; 20 µg/ml).
1.5 mM DTT and 20 mM EDTA. Intrinsic fluorescence changes were monitored with a F2000 Hitachi thermoregulated spectroIrreversible inactivation fluorometer using an excitation and emission wavelength Purified wild-type and mutant BLAs were diluted to about 10 of 278 and 338 nm, respectively. Temperature scans were µg/ml in 1 ml of 50 mM NaAc pH 5.2, 5.6 or 6.0, supplemented performed by heating the water-bath at a rate of about 1°C/ with 0.1-10 mM CaCl 2 , depending on the incubation condimin and recording the changes of the fluorescence emission tions. After various times of incubation at high temperature in and temperature within the cell. Curves were normalized water or a glycerol bath, 20 µl aliquots were removed and between 40 and 80°C using the reference curve obtained with promptly diluted in 80 µl ice-cold MOPS buffer. Samples were wild-type BLA in the same buffer but containing 10 mM left for at least 15 min on ice then for 1 h at room temperature CaCl 2 and no EDTA, for which no denaturation occurred in before determining residual amylase activity at 37°C using Etthis temperature range. G7-PNP as substrate. First-order rate coefficients of irreversible Graphics display inactivation (k in ) were derived by linear regression of ln(activity) versus incubation time. Activation enthalpies (∆H ‡ ) and
Program O (Jones et al., 1991) was used for three-dimensional examination of BLA structure determined by X-ray analysis entropies (∆S ‡ ) were calculated from Arrhenius plots using the equation of transition state theory: (Machius et al., 1995) . Figures were generated using GRASP the reversibly denatured, inactive protein and I the irreversibly (Nicholls, 1992) , MOLSCRIPT (Kraulis, 1991) , RASMOL inactivated protein. The rate constant of inactivation (k in ) (Sayle and Milner-White, 1995) or KINEMAGE (Richardson depends on the constants that govern the unfolding step (K) and Richardson, 1992) . and the subsequent irreversible changes (k). Hence there are in principle two ways to decrease k in , i.e. to stabilize enzymes Results and discussion against irreversible inactivation: (i) decreasing K, i.e. delaying The aim of the present study is to understand the thermodyninitial unfolding by increasing the forces that stabilize the amic and structural features that render our mutant BLAs more native form.
(ii) Decreasing k, i.e. decelerating the irreversible or less resistant to heat inactivation. According to the model processes (chemical modifications, aggregation... ) that can generally proposed, irreversible enzyme inactivation is a kinetic occur in the unfolded molecules during prolonged incubation phenomenon (Lumry and Eyring, 1954): in denaturating conditions (Mozhaev, 1993) . Examples of enzyme stabilization by either strategy are found in great k in number in the literature (Matsumura et al., 1986 (Matsumura et al., , 1989 Pantoli-N → I ano et al., 1989; Ishikawa et al., 1993; Matthews, 1993 ; which in the simplest scheme can be considered as a two- Mozhaev, 1993; Chen et al., 1994a Chen et al., ,b, 1995 Tomizawa et al., step process: 1995; Zhang et al., 1995) . In the case of the mutant BLAs substituted at position 133 K k or 209, the results of our previous studies have suggested that N ↔ D → I stabilizing interactions are reinforced in the thermostable molecules (Declerck et al., 1990 (Declerck et al., , 1995 Joyet et al., 1992) . In where N represents the native, catalytically active enzyme, D other words, the mutations would act on the reversible step of Characterization of wild-type and mutant BLAs the inactivation reaction by slowing down the unfolding process Two highly thermostable single mutated BLAs at position 133 and would not modify the speed of the subsequent irreversible or 209 (H133Y and A209V) as well as the corresponding process(es). However, this inference was drawn from the double mutant (H133Y/A209V) were purified from B.subtilis comparison of all the mutant BLAs in non-purified extracts.
and their properties were compared to those of the wild-type To re-evaluate this hypothesis, we have purified the most enzyme produced and analysed under the same conditions. interesting mutants to homogeneity and attempted to confirm Biophysical and catalytical properties. No difference in macrothe identity of the unfolding step altered by the mutations scopic properties were noticed during the purification and through a detailed biophysical characterization. The results characterization of the wild-type and mutant amylases. When were correlated with the three-dimensional structure of wildanalysed in SDS gel and protein blotting experiments, wildtype BLA in order to understand the stabilizing or destabilizing type and mutant proteins were undistinguishable in their interactions responsible for the observed differences in the thermostability on a structural level.
electrophoretic properties and their immunoreactivity (data not shown). When comparing their amylolytic activity on starch curves suggesting the appearance of partially inactivated interand two synthetic substrates (Table I) , no significant differences mediates. Evidence for the existence of intermediate cataappeared between the catalytic parameters determined for wildlytically active forms along the inactivation pathway of type and mutant BLAs. Moreover, the same pattern of starch enzymes, which rule out the two-step model, has been presented hydrolysis products was observed by thin layer chromatography in a number of other studies (Zakim and Dannenberg, 1990 ; (data not shown). From that we concluded that no extensive Yamada et al., 1991; Dominguez et al.,1992; , conformational changes of the BLA structure are induced by 1995). Also, chemical inactivation can occur in proteins the amino acid replacements, as generally reported for point without preliminary unfolding (Estell et al., 1985) . However, mutations in protein structures (Matthews, 1993) . It has often in the case of BLA, our observations fit well with the twobeen observed that the increase of thermostability in natural step model, at least as a first approximation, and do not justify or engineered enzymes was accompanied with a decrease of consideration of a more complex inactivation scheme. The their catalytical activity at moderate temperature, presumably half-life (t 1/2 ) of the enzymes under different conditions could as a result of an overall protein rigidification that would reduce thus be determined from the first-order rate constants of fluctuation at the active site required for the manifestation of inactivation (k in ) corresponding to the slopes of the lines activity Danson et al., 1996) . This, howderived by linear regression. In all cases, similar values were ever, was not the case for the hyperthermostable mutant obtained for H133Y and A209V while a cumulative effect amylases studied here.
was observed in the double-mutated hyperthermostable BLA, indicating that the amino acids inserted at each site contribute Kinetics and thermodynamics of irreversible thermal inactivaindependently to the overall stability of the molecule, as tion. The kinetics of irreversible inactivation at high temperausually observed for stabilizing mutations in protein structures tures were compared under different conditions by incubating (Matsumura et al., 1986 (Matsumura et al., , 1989 Pantoliano et al., 1989 ; Serrano wild-type and mutant BLAs for various times and, after cooling et al., 1993; Zhang et al., 1995) . on ice, measuring the residual amylase activity at 37°C.
The influence of temperature on k in values for wild-type Figure 1 exemplifies the time course of inactivation of the and mutant BLAs was studied in order to determine the enzymes at 95°C, pH 6.0, 1 mM CaCl 2 . Both calcium concenthermodynamic parameters of the inactivation reaction. In the tration and pH are known to greatly influence the stability of Arrhenius plots presented in Figure 2 , a discontinuity in slope BLA (Saito, 1973; Chiang et al., 1979; Rosendal et al., 1979;  was observed at 95-100°C indicating that different irreversible Violet and Meunier, 1989; De Cordt et al., 1992) and these processes with different activation energies occurred below two parameters were adjusted in the incubation buffer in and above 95-100°C. However, over each temperature range, order to increase or decrease the time required for enzyme similar enthalpy values were calculated for wild-type and inactivation. However, they had no effect on the relative mutant BLAs (Table II) suggesting that the enzyme molecules stability of the mutants compared with wild-type BLA (data go through the same irreversible modifications upon heating. not shown), indicating that the thermostabilization mechanism
The high activation energy values calculated at the lower is independent of calcium and pH over the ranges tested in temperatures suggest an inactivation mechanism involving this study (0.1-10 mM CaCl 2 ; pH 5.2-6.0). irreversible conformational changes; these could be due to the In the temperature range studied here (80-110°C), the curves incorrect refolding of the denatured BLA molecules as it obtained when plotting log(residual activity) versus incubation occurs in the thermolabile homologous α-amylases studied by time could always be fitted with straight lines with a correlation Klibanov and co-workers (Tomazic and Klibanov, 1988a) . At coefficient greater than 0.95. This allowed the modelling of higher temperatures though, another inactivation process could thermal inactivation as a first-order kinetic phenomenon as prevail and somewhat offset the effect of the mutations, previously reported for BLA incubated in this temperature e.g. deamidation of Asn/Gln residues as reported for BLA range (Tomazic and Klibanov, 1988b; De Cordt. et al., 1992) .
inactivation (Tomazic and Klibanov, 1988b) ; indeed values of A more complex scheme for BLA inactivation was proposed by Violet and Meunier (1989) who observed biphasic inactivation ∆H ‡ determined here over the 100-110°C range are in remark- ent mechanisms of irreversible enzyme inactivation is a complex task. Kinetics and transition temperature of denaturation. The above results support the hypothesis that wild-type and mutant BLA molecules undergo the same heat induced irreversible changes, whatever the nature of these processes are at different temperatures. However, to demonstrate that the mutations stabilize the native structure it is crucial to study the reversible step alone. Unfortunately, in spite of multiple attempts, reversible denaturation of BLA by heat or denaturant could not be achieved, precluding calculation of the thermodynamic para- 1988a,b; Pantoliano et al., 1989) .
Since an enzyme has to be properly folded (at least in the active site region) to be active, the rate of activity loss at high temperature reflects the rate of protein unfolding. Figure 3A ably good accordance with the values measured for hexapeptide deamidation (Patel and Borchardt, 1990 ). If these assumptions shows the time course of starch hydrolysis at 95°C, pH 5.2, 0.1 mM CaCl 2 with wild-type and mutant BLAs. As expected, are correct, it is interesting to mention that the case of this α-amylase is opposite to that of another amylase, the glucoamylthe initial rate of starch hydrolysis was higher and the hydrolysis reaction was more complete with the hyperthermostable ase from Aspergillus awamori, for which the fastest decay mechanism at increasing temperatures would first be due to enzymes demonstrating that they remain folded at 95°C for a longer time than wild-type BLA. Once again a cumulative deamidation reactions then to conformational changes above 70°C (Chen et al., 1994a,b) . This corroborates the idea stated effect of the stabilizing substitutions was observed, the curves corresponding to the single-mutated enzymes being at an previously that determining the relative contribution of differ- intermediate position between those for wild-type and H133Y/ the mutant enzymes. In the second phase, only irreversible processes might occur with a rate constant that remains A209V BLAs. The dependence of the initial rate of starch hydrolysis on temperature was also investigated at pH 6.0, unchanged by the mutations. Although the validity of this interpretation can be argued, this interpretation is in remarkably 1 mM CaCl 2 ( Figure 3B ). The temperature optimum was found to be around 92°C for the wild-type α-amylase, 95°C for the good accordance with our hypothesis that the mutations decrease the rate of unfolding and not that of the irreversible two single mutants and 97.5°C for the double mutant. When investigating thermophilic and mesophilic bacterial α-amylprocesses. ases, Tomazic and Klibanov (1988a,b) 
explained the differences
Structural interpretation in the temperature optima by assuming that the native state is
In a previous study (Declerck et al., 1995) , a homology model more stable in the thermophilic enzymes than in the mesophilic of BLA had been generated based on the X-ray structure of enzymes. The increase of over 5°C in the temperature optimum Taka-amylase A from A.oryzae (Matsuura et al., 1984) but no observed here for the double-mutant is consistent with the fact extensive interpretation could be done because of the low that the mutant molecules stay folded at higher temperatures sequence similarity between BLA and Taka-amylase (about than wild-type BLA. It is worth noting that for another bacterial 25%). However, comparison with the recently determined X-α-amylase which has been engineered to achieve increased ray structure of BLA reveals that the overall conformation of thermostability, the temperature optimum was not raised, which the protein had been properly modelled. Figure 5 shows the led the authors to conclude that in this case, the mutations did location of residue 133 and 209 in the BLA structure determined not protect the protein against reversible unfolding (Suzuki by Machius et al. (1995) . As predicted, Ala209 lies in α-helix et al., 1989).
Aα3, the 3rd helix of the (β/α) 8 barrel forming the central A common way to study the denaturation of globular protein domain of all α-amylases (Matsuura et al., 1984 ; Buisson is to monitor the changes in fluorescence induced by the et al., 1987; Boel et al., 1990; Kadziola et al., 1994 ; Machius modification in the environment of aromatic residues upon et al., 1995; Brayer et al., 1995) . His133 is located in the least protein unfolding. This has been attempted here by following conserved region of the protein, domain B, a large protrusion the decrease of fluorescence emission of the diluted amylases between β-strand 3 and α-helix 3 of the central domain. This at increasing temperatures ( Figure 4A ). Very destabilizing domain contains a six-stranded β sheet and is considerably conditions had to be used in order to obtain BLA denaturation more complex than the B domain of other α-amylases (Machius in the temperature range allowed by the apparatus (40-80°C) . et al., 1995) . His133 lies at the N-terminal end of a β-strand, In the presence of EDTA which chelates the stabilizing calcium exactly as suggested in our previous study from secondary ions, a transition phenomenon was observed upon heating that structure predictions. was characteristic of a protein denaturation event. However, Detailed examination of the BLA X-ray structure was the fluorescence intensity did not return to the original level undertaken in order to identify the determinants of protein after cooling, even in the presence of calcium, meaning that stability at the mutation sites. The side chains of His133 and the denaturation phenomenon observed here was not reversible.
Ala209 have been replaced by all other possible side chains It was yet relevant to compare the transition temperature of on a graphics display, and the possible consequences of these this phenomenon for wild-type and mutant BLAs. It was found pseudo-mutations have been evaluated by visual inspection, to be around 60°C for the wild-type enzyme, 63°C for the two assuming that the α-helix conformation at position 209 and single mutants and 65°C for the double mutant. Note that the the β-strand conformation at position 133 will basically be increase in the denaturation temperature observed here is very maintained. similar to the increase in the optimum temperature of the enzymatic activity.
Position 209. Residue 209 is the fourth residue of helix Aα3. As predicted in the computer model, Ala209 lies at the interface Finally, the kinetics of this irreversible denaturation process were followed by monitoring the fluorescence at 61°C in the between helix Aα3 and Aα4, however, not quite at the bottom of a little cavity, but rather on the rim with the Cb atom presence of EDTA ( Figure 4B ). A biphasic phenomenon was observed indicating that several modification processes with pointing towards the solvent. The underlying residues, mainly Tyr203 and Phe240, form a shallow groove with hydrophobic different rate constants might occur subsequently or concommitantly in the enzyme molecules. The denaturation rate character shielded by a pronounced water structure ( Figures  6A and 7) . A residue which could increase the stability of this observed in the first phase is likely to be due to rapid conformational changes as usually seen upon protein unfolding; region is expected to have the following properties. (i) It should add to the hydrophobicity of the groove in order to this process would therefore be slowed down in the case of increase the number of van der Waals contacts between the the residues inserted at position 133 shows a strong dependence upon their β-sheet forming propensity. Indeed, His133 is the two helices (cavity-or groove-filling effect). (ii) It should not severely interfere with the pronounced water structure, as first residue of a β-strand. It is known that protein unfolding is a highly cooperative process and that the most energy localized (structural) water molecules might contribute to the stability of proteins (Burling et al., 1996) . consuming step is the breakage of the polar contacts to neighbouring residues of the first residue in an α-helix or a The results of all the possible substitutions at position 209 showed that the stabilizing effect of the inserted amino acid β-strand (reverse process to nucleation in the folding pathway). Therefore it is to be expected that at the terminal positions increases in the order:
of α-helices and β-strands the secondary structure forming FϽKϽRഛA(wild-type)ഛSϽGഛPϽWഛDഛNϽYഛLϽTϽ HϽQϽEϽMഛCϽIϽV.
propensities are crucial for the stability of such structural elements. Residue 133 could therefore be located at a key The stability factor relative to the wild-type enzyme ranges position for initial unfolding of the molecule. from 0.5 to~3 when compared at 80°C (Declerck et al., 1995) .
Concluding remarks The stabilization/destabilization effect of the introduced amino acids did not correlate with their α-helix propensity, indicating
With the present study, we completed a series of papers that the different effects are due mainly to local side chain describing the isolation and characterization of hyperthermointeractions. The most stabilizing effect is observed for the stable mutants of an industrial α-amylase. In spite of the small hydrophobic side chains of Val and Ile. According to exceptional thermoresistance of the natural enzyme produced the modelling, they are able to interact with the hydrophobic by B.licheniformis, we succeeded in identifying independent groove through van der Waals contacts without distorting the mutations that could further increase its thermostability. Mutasurrounding water structure. This result matches the above tional analysis, biochemical characterization and structural mentioned properties for a stabilizing mutation. By contrast, analysis have been undertaken to understand the molecular the large, fully hydrophobic ring of phenylalanine would be basis of the enhancement of thermostability. exposed to the solvent and thereby destabilize the protein. Arg
Both wild-type BLA and the hyperthermostable mutants are and Lys are the only residues which are not well tolerated at substantially more stable in the presence of starch. However, this position: this is probably due to their disruptive electrostatic under industrial conditions, the stabilization coefficients for interaction with the neighbouring Lys213. For the remaining the mutants are smaller in the presence of high concentrations of amino acids, it is more adventurous to give a structural starch than those obtained in the absence of starch (Dedricksen, interpretation of their relative stabilizing effects which probably personal communication). α-amylases possess multiple sugar reflects the delicate balance between various interactions conbinding sites on the surface as could be shown for porcine tributing to the fine adjustment of atom packing in this region.
pancreatic α-amylase (Larson et al., 1994; Quian et al., 1994 , Other substitutional experiments performed in this region 1995; Machius et al., 1996) . The stabilizing effect of starch is (Declerck et al., manuscript in preparation) suggest also that most likely due to non-covalent interactions with the enzyme maintaining a close contact between helix 3 and 4 of the that protect the protein against denaturation. The increase in central domain is critical for preserving BLA thermostability. stabilization of BLA obtained through the introduction of mutations at position 133 and 209, and through the interaction Position 133. His133 is located on the surface of domain B, of BLA with starch are apparently not additive. According to though its hydrophilic side chain does not point towards the Tomazic and Klibanov (1988a,b) , this is another argument in solvent. The surrounding region is rather hydrophilic with the favour of a conformational stabilization mechanism in the imidazole ring of His133 shielding the hydrophobic interior mutant enzymes. Although reinforcing molecular interactions formed by residues Ala117, Ile135 and Tyr175 within a β-to prevent unfolding is often considered to be one of the most sheet region (Figures 6B and 8) . In contrast to position 209, promising ways for enzyme thermostabilization by protein there is no complex water structure around that region. His133 engineering (Nosoh and Sekigushi, 1990; Janecek, 1993 ; is involved in a hydrogen bonding network: Tyr175OH ←→ Mozhaev, 1993) it is not a successful strategy in the case of Wat1275 ←→ His133NE2 and His133ND1 ←→ Gly131O B.licheniformis α-amylase for application in the starch industry. (Figure 8 ). Due to this network, the stability of this region More promising strategies should probably concentrate on should intrinsically be fairly high. Yet, many amino acids with preventing the irreversible chemical processes occurring during mostly hydrophobic side chains have been found to stabilize prolonged incubation at high temperature. the protein in replacement of His133. At this position, the rank order of the destabilizing/stabilizing residues is
